Introduction
Trace removal involves the removal of impurities present in low concentrations from either waste-streams or product streams, and aims at preventing emission of toxic compounds or at product purification. The main issue in trace-removal is the high number of separation stages that are required to achieve the desired trace-compound(s) removal from the product stream. Typically outlet concentrations below 5 ppm are desired and especially when large streams are to be purified, this could lead to large equipment if the separation is less efficient. Novel, highly efficient technologies are thus desired, and because traditional separation technologies like adsorption [1] and extraction [2] can both yield high capacities and selectivities, they suffer from drawbacks like difficult regeneration in the case of adsorption, and entrainment or irreversible emulsification in the case of extraction.
In this study, a promising alternative for these technologies, the solvent impregnated resin (SIR) [3] was evaluated for a specific case of wastewater treatment. The wastewater stream that is considered in this work consists of pyridine derivatives (e.g. 4-cyanopyridine, CP), nitriles (e.g. succinonitrile) and oxygenated compounds (e.g. acetic acid) that are typically formed in the production of cyanopyridine, acrylonitrile and pyridine [4] [5] [6] [7] . The aim was to selectively remove the highly water soluble pyridine derivatives from this stream, since without precautions there is a chance that they might end up in the wastewater stream, resulting in highly diluted aqueous waste streams that are complex of nature. Due to the toxicity and poor biodegradability of some of these components, the treatment of such wastewater streams is of great environmental importance [4] [5] [6] [7] .
Using a SIR-based process [3, 8] for water purification is beneficial, because the solvent is immobilized in a macro-porous particle, and as a result, mixing and settling of the aqueous and organic phase are no longer required and entrainment and irreversible emulsification are prevented. In the literature, SIRs have been developed for the in-situ recovery of products from a fermentation broth [9] , the recovery of caprolactam from water [10] and the removal of several other polar organic compounds from water [11] [12] [13] [14] [15] [16] [17] . The drawback of this technology is that leaching of solvent may result in a fast depletion of the capacity [18] , which should be minimized by selecting a solvent with a low solubility in water and a high affinity for the resin.
In our previous study a solvent selection procedure was presented for the selective removal of CP from an aqueous phase [19] . In that study, it was found that with phenol based solvents the highest capacities were obtained, whereas 4-nonylphenol has a very low solubility (5 ppm) [20] in the aqueous phase, which is beneficial for SIR processes. By impregnating 4-nonylphenol in Amberlite XAD4, a resin consisting of polystyrene cross-linked with divinylbenzene, a highly stable SIR was obtained [21] . The regeneration could be performed by a pH-swing with hydrochloric acid at a pH of 1, where the concentration of CP could be increased from 0.5 g/L in the loading cycle as feed solution to a maximum of 3 g/L in the effluent during the regeneration cycle. However, the capacity of the SIR containing 4-nonylphenol was limited, and for this reason a modified phenol with a higher capacity for the target compound was developed and custom-synthesized. The designed solvent, consisting of a 1:1 mixture (mole basis) of 3,5-dibromo-4-(4,6,6-trimethylheptyl)phenol and 3,5,-dibromo-4-(4,8-dimethylnonyl)phenol is presented in Fig. 1 . The solvent (abbreviated by DBP) is a mixture of two molecules varying in their alkyl chain to reduce the viscosity.
After validating the high capacity of 43 g CP/kg SIR [19] , the aim of the here presented study was to characterize the performance of a SIR consisting of Amberlite XAD4 resins impregnated with the brominated solvent for the selective recovery of CP from a mixture of acetic acid (HAc) and succinonitrile (SN), the molecular structures of the solutes are given in Fig. 2 .
Elements of the study to characterize the performance of the SIR include the development of a thermodynamic model to describe the capacity, a mass-transfer model to evaluate the mass-transfer rate and a fixed bed model to evaluate the breakthrough profiles during the loading of a column and the effluent concentration during the regeneration of the column. The models were validated with experimental fixed-bed column data. Finally, the evaluated model was used to perform process-simulations to determine the length of the mass-transfer zone and to study the radial concentration profiles inside the SIR during regeneration.
Theory
In the following section the model that was developed in this study is discussed. There are 3 main elements in the model as presented in Fig. 3 :
The thermodynamic liquid-liquid equilibrium model, describing the concentrations of the species in the impregnated organic solvent phase at equilibrium with the bulk aqueous phase composition. The mass-transfer model, describing the diffusion through the organic phase in the pores of the resin. The fixed-bed model, describing the axial concentration gradients in the bed.
Thermodynamic model
The thermodynamic equilibrium of the extraction with a solvent impregnated resin can be described using an adsorption isotherm including the interactions in the solvent phase. The interactions included in the equilibrium isotherm are the hydrogen bonding interactions between CP and the phenol based solvent. Here, both nitrogen atoms of CP act as Lewis base and the hydroxyl functional group of DBP acts as Lewis acid [22] . In a previous study [23] , we established a model describing interactions of the phenol based solvents with CP through both the cyanide group and the pyridine nitrogen in the aromatic ring. Additionally, phenols can form self-associates, and also the oligomers of phenols can complex with CP as depicted in Fig. 3 . The model [23] could describe the experimental data with high accuracy, but needed a large amount of data to regress the parameters. To simplify the system in order to minimize computational efforts and the required data-points, a simplified model was developed. The model is based on the insights from the previous study. Instead of modeling all complexations between the phenolic extractant and its oligomers with CP individually, all interactions were lumped in a single equilibrium reaction (Eq. (1)). Eq. (1) describes the complexation reaction between CP and DBP with the formation of ((CP) n DBP) complexes with average stoichiometry designated by n. From the previous analysis it can be concluded that multiple phenol molecules can complex with CP, and therefore n indicates the overall stoichiometry and equals i + j as in Fig. 3 .
The complexation constant K ]. Since the pyridine nitrogen and cyanide nitrogen do not have the same reactivity, and self-association of DBP is not separately included, the complexation constant is defined as an apparent complexation constant in which all these effects are lumped. Furthermore, the physical solubility of CP in the organic phase was neglected and the stoichiometry was assumed to be independent of the concentration of CP in the organic phase. In Eq. Fig. 3 . Overview of the model consisting of the three elements. In the equilibrium model Ph is the brominated phenol, m the physical partitioning, K C,i,j the complexation constant for complexation of oligomers of phenol and CP, i and j indicate the length of an oligomer and the stoichiometry of the complex. In the Mass-transfer model hypothetical concentration gradients in the SIR are displayed to illustrate how the concentration gradients build up in time inside the pores of the SIR particle.
The thermodynamic equilibrium model is applied in the expression for the isotherm, given in Eq. (3). The isotherm is defined in a similar way as reported for the extraction of citric acid by tri-n-octylamine [17] . It can be considered as a modified Langmuir isotherm, with as main difference the stoichiometry of the complexation reaction that is included by the power n.
In Eq. (3) and n were regressed to the experimental data. Next to the capacity, the selectivity of the solvent is of great importance as the aim is to selectively recover CP from a mixture also containing SN and HAc. The selectivity was evaluated on the basis of the capacity factors. The capacity factor (CF [m 3 kg
À1
]) was defined as the ratio between the equilibrium concentration in the aqueous phase and the amount adsorbed by the SIR at that concentration as defined in Eq. (4).
The selectivity (S [-]) of the solvent for CP over HAc is then defined by Eq. (5), and the selectivity of the solvent for CP over SN by Eq. (6).
Mass-transfer
The overall rate of mass-transfer in SIRs is typically a function of the diffusivity of the solute in the organic phase, and by calculation of the mass-transfer rates the length of the mass-transfer zone in a fixed bed column can be estimated. Several models in the literature have been developed based on empirical correlations like the shrinking core model [15, 16] , Elvoich equation [24] and models that describe the combined diffusion and chemical reaction inside the SIR [11, 15, 25] . In this study we evaluated both the linear driving force model (LDF-model) [26] and a model based on Fickian diffusion [27] , in order to evaluate their applicability to describe both loading and regeneration experiments.
In the model based on Fickian diffusion, the mass-transfer rate depends on the diffusivity of the solute in the organic phase and can be described by Fick's second law of diffusion as defined by Eq. (7). Here, in contrast to the Maxwell-Stefan approach for multi-component diffusion [28] , it is assumed that the mass-transfer rate can be fully described by a single diffusion coefficient of CP through the solvent. In Eq. (7) ]. The effective diffusion coefficient is defined as the diffusion coefficient of CP through the solvent corrected for the pore size and orientation of the resin and is obtained by regressing Eq. (7) to the data obtained with zero-length column experiments.
The SIR is assumed to be spherically symmetrical, and therefore the concentration gradients in the center of the SIR are equal to zero as boundary condition (Eq. (8), see also Fig. 3 ). In a previous study it was shown that due to the high viscosity of the solvent, the mass-transfer limitations will be completely in the organic phase inside the pores of the SIR [21] . For this reason mass-transfer resistance in the aqueous film was neglected and the organic side interface concentration was equal to the equilibrium concentration as defined by Eq. (9).
The concentration of the aqueous phase can be described by Eq. .
Where the Fick-diffusion model gives the more complete description of the mass-transfer, it might be possible to reduce computational efforts by applying a simpler mass-transfer model like the LDF-model defined by Eq. (11) [26] .
Eq. (11) relates an overall mass-transfer rate to the difference between the equilibrium capacity at time t (q t eq [g CP kg À1 SIR]), the actual capacity at time t (q t [g CP kg À1 SIR]) and the overall mass-transfer coefficient (K LDF 
]). The K LDF depends on the diffusivity of CP through the organic phase and can be estimated by regressing Eq. (11) to the experimental data obtained with zerolength column experiments.
Fixed bed column model
In order to describe the concentration profile in a fixed bed, the previously derived equations for the equilibrium and the masstransfer rate were coupled to the overall mass-balance defined by Eq. (12) . The left-hand side of Eq. (12) contains the none-stationary terms that describe the time-dependent change in the concentration in the aqueous phase and the mass-transfer rate to the SIR particles, that was either calculated with the Fick model or the LDF-model. The right-hand side contains the convective and dispersive term.
In Eq. In the regeneration cycle, the pH of the aqueous phase is reduced strongly, this leads to protonation of aqueous CP, resulting in a shift in the equilibrium distribution. As only the neutral form of CP is soluble in the organic phase [29] , the pH swing results in a reduction of the equilibrium capacity, and the SIR particles are regenerated. The equilibrium of the protonation reaction can be described by Eq. (13) . Because of the instantaneous protonation, the aqueous phase composition using Eq. (13) is solved simultaneously with Eq. (12) to describe the concentration profiles of the neutral form and the protonated form of CP and at each position in the fixed bed.
The pH in the bed is a function of the pH in the feed. At the end of the loading cycle, the pH is uniform throughout the bed, and when starting to percolate the column with the hydrochloric acid solution the concentration profile is described by the axial dispersion term, as depicted in Eq. (14) .
The boundary conditions of Eqs. (12) and (14) were as follows, the concentration at z = 0 is equal to the feed concentration (Eq. (15)) and a smooth outlet concentration profile was assumed (Eq. (16)). In Eqs. (15) and (16) 
The axial dispersion coefficient was calculated using the Chung-Wen correlation. In a previous study it was shown that the axial dispersion in the case of a SIR consisting of Amberlite XAD4 impregnated with 4-nonylphenol had hardly any effect on the breakthrough profile [21] . However, it was required to estimate the concentration gradient of the acid through the column and was therefore included in the model. The Chung and Wen correlation [30] is given in Eq. (17) , where u is the interstitial velocity [m s À1 ], Re is the Reynolds number and d p is the particle diameter [m] . The concentration gradients of SN and HAc were both calculated according to Eq. (14) as they were assumed to have a negligible concentration in the organic phase, an assumption that was validated experimentally (vide infra).
3. Experimental
Chemicals
Amberlite XAD4, 4-cyanopyridine (>99.9%), hexane (>97%), ethanol (>99.5%), acetic acid (>99.7%), succinonitrile (>99%), pyridine (>99.9%) were supplied by Sigma-Aldrich, the Netherlands.
Custom synthesized solvent 3.2.1. General information
Starting materials for the synthesis of 3,5-dibromo-4-(4,6,6-trimethylheptyl)phenol and 3,5-dibromo-4-(4,8-dimethylnonyl)phenol were commercially available and were used without further purification.
1 H NMR spectra were recorded at 300 MHz on either a VNMRS spectrometer or a MP300 spectrometer (both from Oxford Instruments), 13 C NMR spectra were recorded on the MP300 spectrometer (at 75 MHz), and multiplicities were distinguished using an attached proton test (APT 
Synthesis procedure of the brominated phenol
The developed route for the synthesis of compounds 1 and 2 is depicted in Fig. 4 , and starts from 3,5-dibromophenol 3 which was protected by a bulky trimethylsilyl group. The para-position of compound 4 was selectively deprotonated by lithium diisopropylamine (LDA) as reported previously [33] , and the anion quenched with dimethylformamide (DMF) to afford aldehyde 5. After initial unsuccessful attempts to keep the TMS protected group intact by quenching the reaction with base, pure 2,6-dibromo-4-hydroxybenzaldehyde 5 was isolated after quenching with acid. Subsequently, compound 5 was treated with dimethyl sulfate (DMS) in acetone to afford 6 in 95-99% yield (in water the reaction did not proceed well, even after adding additional portions DMS).
Grignard reactions on 6 were attempted with alkylmagnesium iodides prepared from alkyl iodides 9 and 10, and with alkylmagnesium bromides prepared from alkyl bromides 11 and 12 (Fig. 5 ). Product 7 was formed from 9 and 10 in low yield (20-30%) probably due to the formation of by-products via cross-coupling reactions, starting from 11 and 12, the yield improved to 57%.
Substantial amounts of benzylic alcohol 13, and monobromides 14 and 15 were formed during the 1,2-addition reaction (Fig. 6 ). Bromides 11 and 12 were prepared in excellent yield from their commercially available alcohols by treatment with HBr and sulfuric acid [34, 35] . Dehydroxylation of compounds 7 was accomplished by reaction with triethylsilane and borontrifluoride etherate in quantitative yield. Demethylation with BBr 3 gave target compounds 1 and 2 in respectively 89% and 78% yield after column chromatography. For additional information regarding the synthesis of the intermediates see the supplementary information.
SIR preparation
Amberlite XAD4 was washed first with water and then with ethanol prior to the impregnation, after washing with ethanol the resin was dried during 24 h at 80°C. The dry resin was brought into contact with the DBP diluted in hexane during 24 h and atmospheric pressure in an incubator at a stirring rate of 100 rpm. After this time the hexane was removed in a rotary evaporator at 25°C and 250 mbar until all hexane was removed. DBP remains inside the pores of the resin and the loading of the SIR was determined by measuring the increase in the weight. The resin was characterized by measuring the density using an Accupyc 1330 pycnometer (Micrometrics). The loading of the SIRs was 0.42 mL/g SIR, corresponding with 95% of the maximum porosity to allow the organic phase to expand without solvent losses and the density of the impregnated SIR was 1.24 g/mL.
Batch-wise contacting experiments
Equilibrium adsorption measurements were performed by contacting 0.3 gram of the SIR during 3 days in an incubator with a stirring rate of 300 rpm with aqueous CP-solutions varying in initial concentration between 0.1 and 10 g/L. The liquid-liquid extraction experiments were conducted by mixing the bulk liquid organic phase with aqueous CP-solutions of concentration 0.5-3.5 g/L, in solvent-to-feed ratios from 0.1 to 1. The two liquid phases were magnetically stirred during 24 h. After the samples were equilibrated, the aqueous phase was analyzed using gas chromatography, the SIR loading and organic phase composition were determined on the basis of a mass balance.
Zero-length column experiments
The rate of the uptake of CP by the SIR was determined in a zero-length column setup (ZL-column) [31, 32] . In this setup a thin layer of SIR particles (2 mm) is placed inside a glass column (Ominfit, England) and a solution containing 0.5 or 3 g/L of CP was circulated through the column while measuring the concentration with a Smartline 2500 inline UV-detector (Knauer GmbH, Germany). In the experiments the aqueous phase volume used was chosen such that the aqueous phase concentration reduced with 30% during the experiment. After equilibrium was attained, the column was rinsed with demineralized water to remove the CP, and was fed in recycle mode with a pH 1 hydrochloric acid solution, while measuring the concentration with the inline UV-detector. The flow rate with which the solutions were pumped through the bed was 25 mL/ min at which level it was ensured that the mass-transfer resistance in the aqueous phase could be neglected and the mass-transfer rate is only dependent on the diffusion through the organic phase inside the SIR particle.
Fixed bed column experiments
The breakthrough profiles were measured in fixed bed column experiments. In these experiments a glass column (Omnifit, England) was stacked with a bed of SIR particles with a bed height of 28 cm and a bed diameter of 1.5 cm. The loading and regeneration cycles were performed at flow rates of 1, 2.5 and 5 mL/min pumped with a Knauer HPLC pump (Knauer GmbH, Germany). The feed solution consisted of 500 ppm CP, or a mixture of 500 ppm CP, 500 ppm SN and 4.5 g/L HAc. The effluent was analyzed with a Smartline 2500 inline UV-detector (Knauer GmbH, Germany) to determine the concentration of CP. The concentration of SN and HAc were measured by gas chromatography. The regeneration procedure was started when the bed was fully saturated and contained the solution used in the loading cycle. The feed consisted of a pH 1 hydrochloric acid solution. The effluent was analyzed using gas chromatography during the regeneration cycle.
Gas chromatography
Gas chromatography was used for the analysis of the equilibrium measurements, the effluent of the fixed-bed column experiments during regeneration and the measurement of HAc and SN in the fixed-bed column experiments. For the equilibrium measurements and the measurement of the concentration of HAc and SN during the loading cycle with the fixed-bed column experiments, a sample of the aqueous phase was taken and filtered over a 45 micrometer filter. In the regeneration of the resins in fixedbed column experiments the sample was first mixed with a pH 14 sodium hydroxide solution to set the pH to 7. A sample of 1.2 mL was taken and mixed with 0.3 mL of a 0.10 g/L pyridine solution which was used as internal standard. The sample was then injected in a Varian CP-3800 gas chromatograph (Varian Inc, the Netherlands) equipped with a 25 m Â 0.53 mm CP-WAX column and flame ionization detector. The injected sample volume was 1 lL, the initial column temperature was 50°C, followed by a ramp of 20°C/min to 200°C, after this ramp the temperature was directly increased to 240°C with a ramp of 50°C/min. Each sample was injected 3 times; the average relative standard deviation for the measurement of all compounds were below 0.5%.
Mathematical modeling
The thermodynamic equilibrium model was programmed in Matlab, and data regression was done with the global search function. The mathematical model to calculate the breakthrough curves was programmed in gProms model builder 3.3.1, and the equations were solved using the centered finite discretization method. Regression of the diffusion coefficient was also done with gProms model builder 3.3.1 using the data regression tool with a constant relative variance model set at a relative variance of 3%.
Results and discussion

Model development
Equilibrium model
Batch-wise equilibrium experiments were performed to study the thermodynamic equilibrium of the extraction of 4CP by the phenolic solvent. Both liquid-liquid extraction experiments to study the capacity of the solvent and equilibrium adsorption measurements to determine the capacity of the SIR were performed. In Fig. 7a the distribution coefficient measured in the liquid-liquid extraction experiments and in the SIR adsorption experiments are presented and in Fig. 7b the SIR adsorption isotherm is presented. In both figures the results of the model after dataregression is also included.
In Fig. 7a it can be observed that the distribution coefficient varies from a maximum value of 290 to a value of 35 over the concentration range from 0.02 g/L to 6 g/L 4-cyanpyridine in the aqueous phase. It can also be observed that the distribution coefficients obtained by the liquid-liquid extraction experiments follow the same trend as those measured by SIR experiments, which results in the conclusion that the SIR capacity is fully determined by the capacity of the solvent. In Fig. 7b , it can be observed that the capacity of the SIR follows a favorable isotherm as expected. It is clearly visible that the standard Langmuir isotherm, assuming a stoichiometry of 1:1 (CP:DBP), was not able to describe the data accurately, while the modified Langmuir isotherm with a stoichiometry of n:1 (CP:DBP) = 0.73:1 and a complexation constant of 0.052 (m 3 mole À1 ) 1Àn gave a very good fit of the model with a mean relative error of 2.3%. The capacity reaches up to 70 g/kg at an aqueous phase concentration of 6 g/L of CP. The value of n is smaller than 1, indicating that multiple DBP molecules can attach to 1 CP molecule. This is in accordance with the expectations, because both the pyridine and the nitrile functionalities are Lewis bases that may complex with the Lewis acid phenol. Another parameter of interest was the selectivity, defined as the ratio of the capacity factors of CP in comparison with SN and HAc. In the adsorption experiment with a feed consisting of 500 ppm CP, 500 ppm SN and 4.5 g/L HAc no significant reduction in the concentration of SN and HAc was measured while the concentration of CP was reduced by 60%. These results indicate that the selectivity of this SIR is above 500 for CP with both succionitrile and HAc, given the analytical uncertainty in the measurement of these compounds.
Mass-transfer
ZL-column experiments were conducted to study the masstransfer in the SIR. The Fick-diffusion model and the LDF-model were regressed to the experimental data obtained with an initial concentration of 0.5 and 3 g/L, resembling the operating conditions in the fixed bed column in loading and regeneration. After equilibrium was reached, the regeneration was performed with an HCl solution of pH = 1. The results are presented in Fig. 8 , where c/c 0 for a loading experiment was defined as the ratio of the measured concentration over the initial concentration, and for the regeneration cycle it was defined as the ratio of the measured concentration over the equilibrium concentration obtained at the end of the regeneration cycle.
In Fig. 8a and b it can be observed that the LDF-model is not able to describe all data accurately. Especially the regeneration cycle at an initial aqueous phase concentration of 0.5 g/L is largely overestimated, and during the loading cycle at 0.5 g/L a slight overestimation of the mass-transfer rate was made. At a higher concentration the differences tend to become smaller. The LDF-model assumes a mass-transfer coefficient that is independent on the concentration, the results however show that the mass-transfer rates are depending on the concentration and as a result the LDF-model could not describe all experimental data. The Fick-model, for which the results are presented in Fig. 8c  and d , gives a better description. The loading cycles at both 0.5 and 3 g/L were well described, and the regeneration cycle with 0.5 g/L as initial concentration is perfectly described with Fickian diffusion. It can however be observed that at an initial concentration of 3 g/L there is an underestimation of the mass-transfer rate during the regeneration cycle. The estimated value of the diffusion coefficient will be used in the next section to compare the model results in fixed-bed operation. The overall mass-transfer coefficient for the LDF model was estimated at 2.2 Á 10 À4 s À1 ± 2.2%. The effective diffusion coefficient of CP in the SIR particle was estimated at 6.53 Á 10 À13 m 2 s À1 ± 2.5%. This low value of the diffusion coefficient can be explained by the high viscosity of the solvent, as also found for the transfer of CP in a SIR containing 4-nonylphenol as solvent [21] .
Loading cycle
A fixed-bed column stacked with SIR particles was loaded with CP by displacing a feed with a 500 ppm solution of CP through the column at varying flow rates. One additional experiment was performed with a mixture of 500 ppm CP, 500 ppm SN and 4.5 g/L HAc at a flow rate of 5 mL/min. The breakthrough profiles estimated with the model and experimentally determined are presented in Fig. 9 .
From Fig. 9 it can be observed that by reducing the flow rate, a narrowing of the breakthrough profiles occurs. This trend was also observed previously in the case of 4-nonylphenol impregnated in Amberlite XAD4 with CP as feed [21] . The narrowing of the breakthrough profile at lower flow rates can be explained by the reduced effect of the mass-transfer limitations due to the longer residence time of the percolated fluid in the column. Breakthrough of the column was defined as the moment when the outlet concentration was 1% of the feed concentration and occurred after approximately 5, 10 and 23 bed volumes at a flow rate of 5, 2.5 and 1 mL/min, respectively. In Fig. 9a it can be observed that HAc and SN breakthrough immediately due to the very high selectivity of the SIR. The breakthrough profiles of HAc and SN were modeled, assuming the adsorption would be zero and the gradient was described by axial dispersion only. In Fig. 9a it may be observed that with this assumption the breakthrough profile of HAc and SN could be described well.
Regeneration cycle
After the column was fully saturated, it was regenerated with a pH 1 HCl solution at a flow rate of 1, 2.5 and 5 mL/min. The outlet concentration of the column was monitored and the results were compared with the calculated values with the model using both the Fick and the LDF-model. In Fig. 10 the outlet concentration normalized to the original feed concentration as measured and calculated with both models are presented after percolating 1 bed volume through the bed, i.e. when the outlet concentration started increasing.
In Fig. 10 , it can be observed that the outlet concentration is initially 7 times higher than the original feed concentration. At a pH of 1, only 14% of CP is in its neutral form which results in a factor 7 reduction in the capacity and hence a factor 7 increase in the aqueous phase concentration at equilibrium. After this maximum was obtained, it gradually reduces with respect to time as the SIR particles are regenerated. In Fig. 10a the results of the LDFmodel are included, where it can be observed that at 5 and 2.5 mL/min a large underestimation of this outlet concentration was obtained and only at 1 mL/min the model agrees well with the experimental data. In Fig. 10b it can be observed that the Fick-model agrees with the experimental data under all conditions. The main difference between the Fick-model and the LDF-model is that the LDF-model assumes a constant mass-transfer coefficient, while the mass-transfer rate in the Fick-model is inherently time-dependent.
Model performance overview
In the previous sub-sections the models were developed to describe the mass-transfer of CP from the aqueous phase to the organic phase inside the SIR with the LDF-model and Fick-model. A comparison of the accuracy of the two models was made, and the R 2 -values that were obtained for the ZL-experiments and fixed bed experiments, for the loading and regeneration cycle are presented in Table 1 .
In Table 1 it can be observed that the Fick-model is best applicable for the description of the mass-transfer rates as obtained in the ZL-column experiments as was previously concluded. The dependency of the mass-transfer on the concentration could not be described by the LDF-model. For the fixed-bed column experiments it can be concluded that during the loading cycle, both the Fick-model and LDF-model could describe all data accurately, and at a flow rate of 5 mL/min the LDF-model was even more accurate than the Fick-model. At a fixed position in the bed the concentration changes from initially 0 to the feed concentration in time. This gradual increase in the concentration resulted in a small dependency of the mass-transfer coefficient with time, and therefore the LDF-model was able to describe the experimental data with sufficient accuracy. With the Fick-model however, the initial mass-transfer rate will be higher due to the steeper concentration gradients, this effect seems to be overestimated, resulting in a narrower breakthrough profile than experimentally obtained, and a higher accuracy with the LDF-model. For describing the regeneration of the column the Fick-model is best applicable, as the R 2 -values are much higher than the LDF-model. It can clearly be observed that the LDF-model could not describe the data as function of flow rate and is only accurate at low flow rates where the residence time in the column is longer. The time-dependent mass-transfer rate as estimated with the Fick-model was required for an adequate description of the experimental data as also observed with ZL column experiments. Hence, for simulation of complete loading and unloading cycles, the model making use of Fickian diffusion can be applied, whereas the Linear Driving Force model is inapplicable due to failure in simulating the regeneration.
Simulations
Simulations were performed with the model making use of Fickian diffusion to determine the mass-transfer zone length and to study the evolution of the axial and radial concentration gradients. These results help in explaining the observed effects like the great impact of the flow rate on the width of the breakthrough profile and mass-transfer enhancement during regeneration. In the experimental section it was established that the mass transfer zone length (the part of the column where 0.99 > C/C Feed > 0.01) was larger than the column length of 28 cm. For this reason simulations were performed using a significantly longer column of 2 m that would fit the mass-transfer zone and allows to study the effect of flow rate on the mass-transfer zone length in a larger range of flow rates.
The loading cycle
In the simulation, during the loading cycle, the column that is initially filled with pure water was from t = 0 continuously fed with a 500 ppm CP solution at varying flow rates. The length of the mass-transfer zone (MTZ) was calculated at each time and is plotted in Fig. 11 as function of the breakthrough time, defined as the ratio of time and the time until breakthrough.
In Fig. 11 it can be observed that initially the lengths of the MTZ do not strongly vary with flow rate, as time progresses the differences between the lengths of the MTZ increase. With a flow rate of 2.5 and 1 mL/min, the length of the MTZ hardly increases, while at a flow rate of 5 mL/min the MTZ continuously increases until the breakthrough. The continuous increase of the MTZ at 5 mL/min is due to the shorter residence time in the column, also explaining the greater differences between the model and experimental results previously determined. The MTZ length varied between 0.4 m up to 1.2 m under the conditions applied in these simulations.
Regeneration
The regeneration cycle of the SIR by a pH swing was simulated to estimate the axial concentration gradients in the column and the radial concentration gradients inside the SIR particle. The column was loaded with a 500 ppm CP solution, and the simulation was started with a column where the aqueous phase had a concentration of CP equal to feed concentration and the SIR particles were fully saturated with CP. In Fig. 12 , the axial concentration gradients during regeneration are presented, where the regeneration breakthrough time was defined as the time where the outlet concentration was at its maximum.
In Fig. 12 it can be observed that the concentration profile develops as a wave through the column. A maximum concentration is reached, from this maximum the concentration reduces to the original feed concentration. The profile is set by the gradient of the HCl concentration through the column, as described by the axial dispersion. At a flow rate of 1 mL/min, a maximum outlet concentration of 7 times the original feed concentration was reached, which is the thermodynamic maximum at these conditions. This corresponds also with the flattened concentration gradient near the exit of the column in Fig. 11 , which shows that the aqueous phase composition is in equilibrium with the organic phase composition. At a flow rate of 5 mL/min this maximum was not reached, because the residence time in the column was too short and the mass-transfer limits the regeneration. Therefore a maximum concentration of only approximately 5 times the original feed concentration is reached.
In Fig. 13 , the radial concentration profiles are presented as it develops inside the SIR. Initially the concentration gradient was steep. This results in the fastest mass-transfer due to a higher driving force for diffusion. As time progresses the gradient flattens and mass-transfer reduces, these results show a large dependency of mass-transfer with respect to time. Because of this large dependency, the regeneration process could be correctly described by the Fick-model, but not with the LDF-model.
Conclusions
A solvent impregnated resin (SIR) was developed for the selective removal of 4-cyanopyridine (CP) from an aqueous waste stream containing also acetic acid and succinonitrile. The solvent impregnated resin consisted of Amberlite XAD4 impregnated with a 1:1 mixture (mole basis) of 3,5-dibromo-4-(4,8-dimethylnonyl)phenol and 3,5-dibromo-4-(4,6,6-trimethylheptyl)phenol that had a capacity of 21 g CP/kg SIR at an aqueous feed concentration of 500 ppm CP. The selectivity of the solvent impregnated resin toward CP was above 500. A thermodynamic model was developed, describing the hydrogen bonding interactions between CP and the solvent. The model was able to describe the equilibrium isotherm with high accuracy. The mass-transfer rates were studied and the diffusion coefficient of CP in this solvent was estimated at 6.53 Á 10 À13 m 2 s À1 ± 2.5%. Validation of the model with fixed-bed column experiments revealed that with a constant diffusion coefficient the data could be described with sufficient accuracy for the loading cycle as well as the regeneration cycle using the Fickmodel, R 2 -values of 0.94 to 0.99 were obtained. The Fick-model was selected over the linear driving force model, because regeneration of the SIR could not be described accurately by the linear driving force model due to underestimation of the mass-transfer rates. The axial concentration gradients were simulated and it was found that mass-transfer is strongly limiting and the masstransfer zone lengths varied from 0.4 m to 1.5 m, depending on the superficial velocity through the bed.
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Appendix A 2,6-Dibromo-4-hydroxybenzaldehyde (5) was prepared in two steps from 3,5 dibromophenol 3 according to a procedure as described by Dabrowski [33] . 1-Bromo-3,5,5-trimethylhexane 11 [34] and 1-Bromo-3,7-dimethyloctane 12 [35] were prepared according to literature procedures. 2,6-Dibromo-4-methoxybenzaldehyde (6). To 2,6-dibromo-4-hydroxybenzaldehyde (70 g, 0.25 mol) in acetone (600 mL) was added potassium carbonate (51.8 g, 0.38 mol) and dimethylsulfate (47.3 g, 0.38 mol). The mixture was stirred overnight at room temperature. The color of the mixture turns from pink to white. The acetone was removed by rotary evaporation at 50°C under reduced pressure. Water (200 mL) was added to the residue and the mixture was stirred for 15 min and filtered. The pale yellow solid was washed with water. The solid was dried in vacuo and stripped with toluene yielding a pale yellow solid (73 g, 0.248 mol, 99%). C NMR data identical to [33] . A similar reaction has been performed on 0.1 mol scale. The product was obtained in 95% isolated yield.
1-(2,6-Dibromo-4-methoxyphenyl)-4,6,6-trimethylheptan-1-ol (7a). 1-Bromo-3,5,5-trimethylhexane 11 (62.15 g, 0.3 mol) was added portionwise to a suspension of Magnesium (7.44 g, 0.3 mol) in Et 2 O (100 mL) containing a few drops of 1,2-dibromoethane. After start of the Grignard the remainder of the bromide was added dropwise at such a rate as to maintain reflux. After addition the solution was heated at reflux for an additional 30 min and after cooling added dropwise to a solution of 2,6-dibromo-4-methoxybenzaldehyde (45 g, 0.15 mol) in THF (600 mL) keeping T < 27°C using a waterbath. The solution was allowed to stir at RT for 3 h and poured into 1 N HCl (500 mL). After separation of the layers, the water phase was extracted with TBME (2 Â 250 mL). The combined organic layers were washed with brine (150 mL), dried (Na 2 SO 4 ), filtered and concentrated in vacuo to give 68 g of crude oil. Heptanes (100 mL) were added to the oily residue and a precipitate ((2,6-dibromo-4-methoxyphenyl)methanol, 12.4 g) formed which was filtered off. The target material dissolved in heptanes was subjected to column chromatography (silicagel, 300 g) and eluted with heptanes to remove alkane cross coupling by-products and subsequently with heptanes/EtOAc 95/5 to 90/10 to give 7a (36 g in two fractions, 21 g pure and 15 g less pure, containing 10% of unreacted 1-Bromo-3,5,5-trimethylhexane 11. The yellow oily residues were combined (36 g, 85.2 mmol, 57%). 1-(2,6-dibromo-4-methoxyphenyl)-4,8-dimethylnonan-1-ol (7b). This compound was synthesized from 1-Bromo-3,7-dimethyloctane analogous to compound 7a. The material dissolved in heptanes was subjected to column chromatography (silicagel, 300 g) and eluted with heptanes to remove alkane cross coupling byproducts and subsequently with heptanes/EtOAc 95/5 to 90/10 to give 7b (33.7 g in two fractions, 15.2 g pure and 22 g less pure, containing 10% of 1-(2-bromo-4-methoxyphenyl)-4,8-dimethylnonan-1-ol. The yellow oily residues were combined (33.7 g, 85.2 mmol, 57%). 1,3-Dibromo-5-methoxy-2-(4,6,6-trimethylheptyl)benzene (8a). 11-(2,6-Dibromo-4-methoxyphenyl)-4,6,6-trimethylheptan-1-ol 7a (36 g, 85.2 mmol) was dissolved in DCM (500 mL) and cooled to 0°C. Triethylsilane (38.5 mL, 241 mmol) was added at once followed by dropwise addition of BF 3 .Et 2 O (15.2 mL, 120.4 mmol) keeping T < 5°C and the solution was stirred at this temperature for 1.5 h. The solution was treated with sat. NaHCO 3 (500 mL) and diluted further with some DCM and stirred for 30 min until gas evolution ceased. The layers were separated and the organic phase was washed with brine, dried (Na 2 SO 4 ), filtered and concentrated in vacuo to give 8a (34.2 g, 99%) which was isolated as a yellow oil. The product was used in the next step without further purification. 1-Iodo-3,5,5-trimethylhexane (9). 1-Chloro-3,5,5-trimethylhexane (20 g, 0.11 mol) was dissolved in acetone (100 mL) and sodium iodide (17.0 g, 0.12 mol) was added. The mixture was refluxed for 24 h but the reaction was still incomplete. Therefore additional sodium iodide (17.0 g, 0.11 mol) was added and the reaction mixture refluxed for another 24 h. The salts were filtered off and extracted with acetone. The acetone was evaporated. Water (100 mL) and TBME (200 mL) were added to the residue. After separation of the layers, the TBME layer was washed with water (100 mL) and brine (100 mL). After drying (Na 2 SO 4 ), the organic phase was concentrated in vacuo to give 9 (27.2 g, 0.1 mol, 90%) as an oil. 1 
